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I.  INTRODUCTION 
 
 Non-thermal plasma’s (NTP) have been widely 
applied for the removal of volatile organic compounds 
(VOCs) from waste gas streams [1]. During the last two 
decades, much progress has been made in terms of 
reactor design and optimizing operating conditions to 
increase the effectiveness of the removal process. 
However, due to the creation of multiple reactive species 
in the active plasma zone, there is still a lack of insight in 
the underlying mechanisms that enable the removal of 
VOCs. Therefore, we have experimentally and 
theoretically investigated the abatement of dilute 
trichloroethylene (TCE) and the formation of ozone in air 
with NTP. The plasma-chemical model and experimental 
validation allow us to obtain a better understanding of the 
chemical processes occurring in the discharge. Moreover, 
it is possible to derive the degradation pathway of TCE, 
based on the distribution of intermediates and final 
byproducts. To our knowledge, only Evans et al. have 
performed such a study to investigate the removal of 
TCE from Ar/O2/H2O mixtures with dielectric barrier 
discharges [2]. Recently, we have experimentally found 
that the decomposition of TCE has led to the formation 
of various by-products, including phosgene, 
dichloroacetylchloride, trichloroacetaldehyde, HCl, Cl2, 
CO, CO2 and O3 [3].    
 For practical applications, the humidity of the air is 
an important parameter that affects the removal process 
significantly [1]. Therefore, the water content of the 
influent was varied and the outcome on the removal 
process was studied theoretically. 
 
 
II.  EXPERIMENTAL SET-UP 
 
A. Description of the model 
 
The simulations in this work are performed using the 
numerical model Global_kin developed by Dorai and 
Kushner [4]. In this model, two basic modules are used: 
the Boltzmann equation module and a zero-dimensional 
plasma chemistry module. First, a reaction mechanism is 
defined (see below). Next, the Boltzmann equation 
module uses the collision cross sections to calculate the 
values of the reaction rate coefficients of electron impact 
reactions, depending on the electron energy, and look-up 
tables containing this information will be created. These 
coefficients will then be used in the chemistry module to 
calculate the source terms for the gas phase reactions of 
the different species: 
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Where in  is the density of species i , 
R
ija  and 
L
ija  are 
the right-hand side and left-hand side stoichiometric 
coefficients of species i  in reaction j , jk  is the 
reaction rate coefficient of reaction j and Lln  is the 
density of the thl  species in the left-hand side of reaction 
j . Note that no transport is included in this chemistry 
module. Indeed, the plasma reactor is considered as a 
batch reactor with a uniform concentration of species 
over the entire reactor volume. 
The electron induced reactions depend on electron 
temperature, which changes, on one hand, due to Joule 
heating from the applied power, and on the other hand, 
due to the energy lost in collisions. The electron 
temperature is calculated from: 
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where en  is the electron density, Bk  is Boltzmann's 
constant, eT  is the electron temperature, j
r
 and   E
r
 are 
the current density and the electric field in the discharge 
respectively, miν  is the electron momentum transfer 
collision frequency with species i , em  is the electron 
mass and, iM  and iT  are the mass and temperature 
respectively of species i . lk  is the reaction rate 
coefficient for the thl electron impact process, iN  is the 
density of the gas phase collision partner and lεΔ  is the 
corresponding change in the electron energy. Since the 
model is zero-dimensional, the product of current density 
with electric field is not used here, but instead, the ratio 
of the applied power to the plasma volume is used, which 
is equivalent. 
  The chemistry module is called every time step and 
the Boltzmann module is only called when the 
background gas density has significantly changed. 
Indeed, it is not necessary to call this Boltzmann module 
every time step. More details on the model can be found 
in the papers by Dorai and Kushner [4].  
  In this work, the Global_kin model was extended 
with a reaction analysis module in order to have an 
automatically printed overview of all the absolute 
contributions of the relevant reactions to the production 
and loss of all species. For the absolute contributions, (1) 
is used. Next to the absolute contributions, also the 
relative contributions of the relevant reactions to the 
production and loss of a species are calculated from: 
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where ijγ  is the relative contribution of reaction j  to 
the production or loss of species i , which is always 
evaluated versus the total /ijdn dt production or loss. 
All the other parameters have the same meaning as in (1). 
 
B. Description of the chemistry 
 
 The chemistry used in the model contains 114 
species and 1155 reactions. This high number of 
reactions is needed if a description of a complex medium 
like air is required. We have taken into account ions, 
electrons and neutrals as well as nitrogen and oxygen 
excited states. The complete reaction set can be obtained 
from the authors upon request 
 In literature, the destruction of TCE with NTP is 
described by many possible pathways [5]. The first 
pathway could be the electron attachment of TCE where 
TCE decomposes in C2HCl2 and a chlorine anion: 
 
C2HCl3 + e- →  C2HCl2 + Cl-      3.0×10-13  cm³/s     (4) 
 
However the electron density of the corona discharge 
used for the application is quite small in comparison with 
other low temperature plasmas such as dielectric barrier 
discharges. As also the reaction rate coefficient of this 
process is indicated by a low value, the contribution of 
this reaction should be limited. 
 Another possible mechanism is the dissociation of 
TCE by reaction with atomic oxygen to numerous end 
products: 
 
C2HCl3 + O → CO + CCl2 + HCl     2.3×10-13 cm³/s    (5) 
C2HCl3 + O →   CHOCl + CCl2      5.7×10-13 cm³/s    (6)     
C2HCl3 + O →   COCl + CHCl2         8.7×10-14 cm³/s   (7)       
C2HCl3 + O →   C2Cl3 + OH              6.3×10-15 cm³/s   (8)      
 
The rate coefficients are in the same order of magnitude 
as for the electron attachment process. Atomic oxygen 
has however a longer lifetime than the electrons and the 
reaction with atomic oxygen is therefore more likely to 
take place. 
 Especially in humid air, the dissociation of TCE can 
also be caused by reaction with hydroxyl radicals: 
 
C2HCl3 + OH → CHCl2 + CHOCl     3.1×10-13 cm³/s    (9)                  
C2HCl3 + OH → C2Cl3 + H2O        1.9×10-12 cm³/s  (10)       
C2HCl3 + OH → C2HCl2OH + Cl   2.4×10-13 cm³/s  (11)       
C2HCl3 + OH → CHCl2COCl + H   2.4×10-14 cm³/s  (12)              
 
These rate coefficients also are in the same order of 
magnitude as the previously mentioned pathways, which 
suggests that again the densities of the reactants have a 
major influence on the actual rates of the different 
dissociation reactions.  
 There is also a possibility that TCE is decomposed 
by radicals originally produced by TCE as for example 
reactions with Cl or ClO radicals: 
 
C2HCl3 + ClO → CHCl2 + COCl2    3.1×10-12 cm³/s  (13)             
C2HCl3 + Cl → C2Cl3 + HCl            3.3×10-12 cm³/s  (14)  
 
These reactions have a rate coefficient one order higher 
than the previously mentioned reactions. However, these 
reactions can only be a secondary destruction process. 
Indeed, the densities of Cl and ClO are very low in the 
beginning but can increase very fast as Cl is a common 
dissociation product.   
 The final dissociation pathway considered in the 
model is the dissociation by metastable nitrogen species. 
Indeed those species were already indicated by Blin-
Simiand et al. as dominant dissociation species for 
volatile organic compounds [6]. It is also indicated that 
the dissociation of TCE reaches a higher efficiency in 
nitrogen compared to air which suggests that metastable 
nitrogen species might play an important role in the 
dissociation of TCE [7]. As far as we know, no data of 
reaction rate coefficients for TCE with nitrogen 
metastables are published. Therefore, we assumed the 
following reactions in the model: 
 
C2HCl3 + N2(A3∑+u) →  C2HCl2 + Cl + N2                 (15)   
  
C2HCl3 + N2(a’) →  C2HCl2 + Cl + N2                        (16) 
 
The rate coefficients of these reactions were evaluated 
between 10-8 - 10-13 cm³/s, i.e., the typical range for 
reactions of nitrogen metastables with organic species, as 
found in literature [6]. 
 
C. Description of the experiments 
 
 The experimental set-up is shown in Fig. 1. A 
pressurized air bottle (Air Liquide, Alphagaz 1) delivers 
air to two mass flow controllers (Bronkhorst, El-Flow). 
Bubblers systems are used to set the TCE concentration 
and relative humidity (RH) of the gas stream. The initial 
TCE concentration and humidity are controlled by either 
adjusting the temperature of the water bath or by 
changing the flow rate of air through the bubbler system. 
Experiments are carried out with a total flow rate of 2 l 
min-1 which corresponds to a residence time of 1.47 s. 
 The multi-pin-to-plate plasma source is based on the 
concept of a negative DC glow discharge. The 
rectangular duct has a cross section of 40 mm × 9 mm 
and a length of 200 mm. The plasma source consists of 
five aligned cathode pins which were positioned 28 mm 
from each other. The distance between the five cathode 
pins and the single anode plate is 9 mm. The discharge is 
powered with a 30 kV/20 mA DC power supply and 
generated at atmospheric pressure and room temperature. 
A high voltage probe (Fluke 80 K-40, division ratio 
1/1.000) measures the voltage applied to the electrode. 
The discharge current is determined by recording the 
voltage signal across a 100 Ω resistor placed in series 
between the counter electrode and ground. The threshold 
current for the glow-to-spark transition is increased by 
profiling the anode surface with hollow spherical surface 
segments centered on the tip of each crenellated cathode 
pin [8]. The spherical surface segment has a radius of 
curvature of 17.5 mm and a depth of 5 mm. Stable and 
uniform glow discharge operation is ensured by the fast 
gas flow and by ballasting each cathode pin with a 1.5 
MΩ resistor.  
 FT-IR spectroscopy (Bruker, Vertex 70) is used to 
determine the in- and outlet concentration of TCE and to 
qualitatively analyze the formation of byproducts. The 
optical length of the adjustable gas cell and the resolution 
of the spectrometer are set at 0.80 m and 4 cm-1, 
respectively. The formation of ozone is monitored with a 
UV-absorption (245 nm) analyzer (Advanced Pollution 
Instrumentation, API-M450) located downstream. The 
temperature and humidity are measured with a combined 
temperature/humidity sensor (Testo 445). 
     
 
Fig. 1.  Experimental set-up 
III.  RESULTS 
 
A. Ozone formation in pure air 
 
 As the model used in this work is a zero-dimensional 
model, the corona discharge can only be simulated as one 
power pulse or by a series of power pulses. At this 
moment, we are still evaluating those two power 
deposition cases and therefore we present here only 
results for the one pulse simulations. The amplitude (267 
W) and the length (0.5 ms) of the pulse were artificially 
chosen to fit the values of the electron density (108 –109 
cm-3) and electron temperature (2-3 eV) expected in a 
typical pin-to-plate corona discharge [8]. 
To investigate the formation of ozone in the corona 
plasma, multiple simulations were performed for 
different energy depositions. Fig. 2 presents the density 
of ozone as a function of time for different values of 
energy deposition. It can be seen that the density of 
ozone increases with increasing energy deposition, which 
is also indicated by the experimental values illustrated in 
Fig. 3. Indeed, the experimental ozone concentrations 
increase linearly (0.9935<R2<0.9985) with the energy 
density  for each value of the relative humidity. 
As the humidity of air is not a constant value, it is 
important to investigate the influence of humidity on the 
ozone formation.  Fig. 4 shows the normalized ozone 
density as a function of time for different levels of 
humidity at an energy deposition of 0.136 J/cm³. 
Normalization is required to compare the results on one 
graph as they have a different background gas 
composition. The figure indicates that the ozone density 
decreases with increasing humidity, which is also 
indicated by the experimental values plotted in Fig. 3.   
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Fig. 2  Calculated ozone density as a function of time for different 
values of energy deposition in humid air (5% relative humidity). 
 
Our calculations further predict that the production 
and loss of ozone is mainly dominated by the following 
reactions: 
 
O + O2 + M → O3 + M  6.0×10-34 cm6/s    (17) 
NO + O3 → NO2 + O2               4.3×10-12 cm³/s    (18) 
O + O3 → O2 + O2                       8.0×10-15 cm³/s   (19) 
e- + O3 → O2 + O + e-                  1.9×10-9 cm³/s     (20) 
 
  
In general, the production of ozone is mainly dependent 
of the atomic oxygen production which is mainly 
produced by the electron impact dissociation of oxygen:  
 
e- + O2 → O + O + e-                   8.6×10-10 cm³/s   (21) 
  
 
Fig. 3  Measured ozone concentration as a function of energy 
deposition for different values of relative humidity.  
 
Indeed, this dissociation is dependent of the electron 
density and therefore also related to the power deposition 
in the plasma. This suggests that ozone is indirectly 
related to the electron density with an increasing density 
of ozone for an increasing electron density, as indicated 
in Fig. 2. If humid air is considered, the following 
reaction should also be taken into account as an ozone 
loss process: 
 
OH + O3 → HO2 + O2               7.3×10-14 cm³/s  (22) 
 
By increasing the humidity, the water density in the 
plasma increases, which favors the electron impact 
dissociation of water, therefore increasing the hydroxyl 
radical density:  
 
e- + H2O → OH + H + e-            5.8×10-10 cm³/s   (23) 
 
Eventually the hydroxyl radicals react with ozone by (22) 
to produce a hydroperoxyl radical and oxygen. As a 
result, an increase of the humidity favors the loss of 
ozone. Hence, the density of ozone decreases with 
increasing humidity, as also indicated by Fig. 3-4. 
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Fig. 4  Calculated ozone density normalized by the background gas 
density as a function of time for different values of relative humidity at 
an energy deposition of 0.136 J/cm³. 
 
B. TCE degradation 
 
To identify the important destruction reactions for 
TCE destruction, a pulse was simulated with an energy 
deposition of 0.136 J/cm³ in a mixture of 1000 ppm TCE. 
Fig. 5 represents the rates of the different destruction 
reactions for an energy deposition of 0.136 J/cm³ in a gas 
mixture of 1000 ppm TCE in humid air (5% relative 
humidity). The labels correspond to the numbers given 
for the reactions above. The highest rates in the power 
pulse can be found for the reactions with atomic oxygen 
(i.e., reactions 5, 6 and 7, with rates in the order of 1016 
and 1017 cm-3 s-1). However, in the afterglow the 
destruction is dominated by the ClO radicals (i.e., 
reaction 13) with a maximum rate of 1015 cm-3 s-1. 
Fig. 6 presents the densities of the species which 
cause destruction of TCE in humid air (5% relative 
humidity). Similar to the maximum values of the rates we 
found the highest density for atomic oxygen (1016 cm-3) 
followed by the density of the hydroxyl radical. The 
densities decrease after pulse termination when the 
electron density drops to very low values, except for the 
density of the ClO radical, which drops very slowly even 
at 0.1 s, explaining why the destruction of TCE is 
dominated by ClO radicals in the afterglow (see above). 
As indicated in Fig. 5, the TCE destruction process is 
dominated by atomic oxygen. Reactions (5), (6) and (7) 
have the largest rates and cause most of the destruction. 
Reaction (5) is found to be one of the production 
processes of HCl, which is also indicated by 
Vandenbroucke et al. [3] as one of the by-products for 
TCE destruction. The rates of the destruction with 
hydroxyl radicals are at least one order of magnitude 
lower, which can be explained by the lower hydroxyl 
radical density presented in Fig. 6. However, an 
increasing humidity will favor the destruction by 
hydroxyl radicals. The hydroxyl radicals will however 
also react with ozone (22) and atomic oxygen (24):  
 
  
OH + O → O2 + H                    3.5×10-11  cm³/s   (24) 
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Fig. 5  Calculated rates of the different TCE destruction reactions for an 
energy deposition of  0.136 J/cm³ in a gas mixture of 1000 ppm TCE in 
humid air (5% relative humidity). The pulse is indicated by the dashed 
grey block in the figure 
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Fig. 6  Calculated species densities as a function of time for an energy 
deposition of  0.136 J/cm³ in a gas mixture of 1000 ppm TCE in humid 
air (5% relative humidity). 
 
 As indicated above, atomic oxygen is one of the 
dominant destruction species and an increase in humidity 
will decrease the density of atomic oxygen. 
Consequently, the removal efficiency will also decrease. 
One other important destruction species that must be 
considered is the ClO radical which has a density of 1014 
cm-3, even in the afterglow. The rate of the destruction by 
this species is also sufficient, especially in the afterglow. 
As a result, it can be concluded that the ClO radical is the 
dominant destruction species in the afterglow of the 
plasma. Similar to the loss of atomic oxygen by reaction 
with hydroxyl radicals, the ClO radical reacts with 
hydroxyl radicals to form HCl. 
 
OH + ClO → HCl + O2              5×10-11  cm³/s    (25) 
 
Hence, the removal efficiency also decreases in the 
afterglow for an increasing humidity.  
 
 
V.  CONCLUSION 
 
 A zero-dimensional plasma-chemical model was 
used to study the formation of ozone and the abatement 
of TCE by non thermal plasma. Experiments were 
carried out to qualitatively validate the model. The 
following conclusions were derived from this study. 
 
1. The ozone formation increases with the energy 
deposition and decreases with the relative humidity of 
the air. 
2. The destruction of TCE is mainly dominated by 
atomic oxygen and to a lesser extent by OH radicals. 
3. In the afterglow of the discharge, the destruction is 
dominated by ClO radicals. 
4. When the relative humidity increases, the destruction 
is favored by OH radicals. 
 
In our future work we will extend the validation of 
nitrogen metastable species by doing experiments in pure 
wet and dry nitrogen.  
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